Water molecules are found in abundance in protein-protein and protein-DNA interfaces. Although interface solvent molecules exchange quickly with the bulk solvent, structural and biochemical data suggest that watermediated interactions are as important as direct hydrogen bonds in the stability and specificity of recognition.
Water plays a key role in all biological processes. Its role in protein-protein recognition was recognized long ago and illustrated by the very first X-ray structure of a specific complex, that of trypsin with the pancreatic trypsin inhibitor (PTI) [1] . In this complex, the Lys15 sidechain of PTI makes an electrostatic interaction with Asp189 at the bottom of the specificity pocket of the protease. The interaction was expected, but not the presence of a water molecule bridging the two charged groups, which are too far apart to form a direct hydrogen bond. This particular water molecule is absent when trypsin binds the soybean trypsin inhibitor, which has an arginine instead of a lysine and makes a proper salt bridge with Asp189. Thus, the dual recognition by trypsin of lysine-and argininecontaining peptides relies on the capacity of an interface water molecule to fill in for the shorter sidechain of lysine [2] . Later structural studies confirmed that water is a major player in protease-inhibitor interactions and showed that it also participates in antigen-antibody recognition [3, 4] . The presence of water is even more obvious at protein-DNA interfaces, yet its role in protein-DNA recognition has been the subject of controversy. In the Escherichia coli tryptophan repressor-operator complex, all polar interactions with the DNA bases occur via water molecules [5] and one could wonder how sequence-specific recognition was achieved. The controversy is now settled with the conclusion that water-mediated interactions do account for the biological properties of this system [6] .
Recent surveys of structural data on protein-protein and protein-DNA recognition sites [7] [8] [9] indicate that water is present in abundance at interfaces. Table 1 reports the number of interface solvent molecules that are observed in a selection of high-resolution X-ray structures of protein-protein and protein-DNA complexes. Nearly all of the interface solvent molecules are involved in bridging hydrogen bonds. There is still no established practice among crystallographers to report solvent positions, and their number is probably underestimated even at high resolution. Nevertheless, the data suffice to establish that protein-protein and protein-DNA interfaces contain at least as many watermediated interactions as direct hydrogen bonds or salt bridges. Water therefore plays a major role in the polar interactions that stabilize complexes. X-ray structures of 22 protein-protein and eight protein-DNA complexes with a resolution of 2 Å or better as listed in [7, 8] . Interface water molecules are at a distance of less than 3.5 Å from atoms of the two components of a complex.
Figure 1
Water at protein-protein interfaces. (a) The chymotrypsin-ovomucoid inhibitor complex (PDB code 1cho) [18] . (b) The FvD1.3-FvE5.2 antigen-antibody complex (PDB code 1dvf) [4] . The interfaces are shown through the backbone tracing of the front component, by imaging the molecular surface of the back component that is in contact.
Red spheres represent water molecules reported in the PDB files and at a distance of less than 3.5 Å from atoms of both components of each complex. (The figure was drawn using the program GRASP [19] .) and an antigen-antibody complex (FvD1.3-FvE5.2; PDB code 1dvf). In the first structure, water lines the edge of the interface and forms a ring around a dry central patch, whereas in the second structure the interface appears wet throughout. The amount of buried surface and the number of water molecules are approximately the same in the two interfaces, therefore, the different distribution must reflect their chemical composition. With only 42% nonpolar surface, the FvD1.3-FvE5.2 interface is much less hydrophobic than the 64% nonpolar chymotrypsin-ovomucoid interface [7] . The hydrophobicity of an average protein surface is in-between (57% nonpolar; in these statistics all carbon-containing groups are counted as nonpolar) and neither composition is exceptional. Antigen-antibody interfaces tend to be less hydrophobic and protease-inhibitor interfaces more hydrophobic than the average protein surface, yet dry antigen-antibody interfaces also exist and there are examples of wet interfaces in enzyme-inhibitor complexes. Moreover, an analysis based on the Voronoi volumes of interface atoms shows that protein-protein interfaces are as densely packed on average as the interior of globular proteins [7] . Water is almost completely excluded from the protein interior, and the few remaining cavities are mostly empty. Like the protein interior, a dry interface has relatively few cavities; a wet interface has many cavities and essentially all are filled with water, so as to maintain the close packing of atoms.
The average protein-protein interface is not very different in its chemical composition from the rest of the protein surface. In contrast, protein-DNA interfaces are very particular [8, 9] . These interfaces are much more polar because of the phosphate groups on the DNA side and the abundance of positively charged groups on the protein side, which yields the positive surface potential shown in blue in Figure 2 . Nevertheless, dry and wet protein-DNA interfaces also exist. In Figure 2a , water is seen to penetrate the interface between papilloma E2 protein and DNA (PDB code 2bop). In this complex, the DNA double helix is bent, but retains the standard B-DNA conformation and the contacts are mostly in the major groove. In contrast, water is excluded from the central surface patch of a DNA complex with the TATA-box-binding protein (TBP; PDB code 1cdw; Figure 2b ). In this complex, nonpolar contacts occur between protein sidechains and the bases and sugars in the minor groove of the DNA. A large distortion of the double helix pushes the phosphate backbone to the edge of the interface. In general, water molecules tend to follow the phosphate backbone of DNA and hydrogen bond to phosphate oxygens, but watermediated hydrogen bonds to the bases are also very frequent. The average protein-DNA interface contains about 13 phosphate-water-protein bonds and six base-water-protein bonds [8] ; again, these numbers are probably underestimates.
The finding that water is an integral part of most interfaces raises the question of how tightly it is bound and how much it contributes to the affinity and specificity of recognition. One might expect different answers in wet and dry interfaces. X-ray crystallography only identifies preferred positions of the water oxygen atom, giving no indication on the residence time. However, bound water can also be seen in nuclear magnetic resonance (NMR) studies through NOEs (nuclear Overhauser effects) and ROEs (rotating frame NOEs) between water and protein or DNA protons. The sign and intensity of the NOEs depend on the residence time: very fast (picosecond) exchange with bulk solvent yields no NOE, nanosecond exchange yields a positive NOE, and slower exchange yields a negative NOE. The residence time of proteinbound water molecules measured in several proteins or complexes ranges from 10 -9 seconds at surface sites to 10 -4 seconds at sites buried within the protein [10] [11] [12] .
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Figure 2
Water molecules at protein-DNA interfaces.
(a) The dimeric papilloma E2 protein in complex with DNA (PDB code 2bop) [20] .
The human TATA-box-binding protein in complex with DNA (PDB code 1cdw) [21] . The molecular surface of the protein is colored according to its electrostatic potential: blue, positive; red, negative. Red spheres represent water molecules reported in the PDB files and at a distance of less than 3.5 Å from atoms of both the protein and the DNA. (The figure was drawn using the program GRASP [19] .)
This range was found to be the same at the interface between the Antp homeodomain and DNA. Thus, water molecules exchange in less than a millisecond even at sites located in the middle of an interface. Molecules jump very fast in and out of interface sites, the sites remaining occupied and the interface remaining close-packed.
The contribution of interface water to affinity and specificity could, in principle, be assessed by changing the solvent composition in binding experiments. However, this also affects the energetics by dehydrating the protein or DNA surface. The large enthalpy and free enthalpy changes of water molecules that leave the interface obscure what happens to those that remain. Alternatively, individual solvent molecules can be added or removed by the substitution of an amino acid sidechain in their vicinity, as in the lysine/arginine replacement mentioned above for trypsin inhibitors. There are many examples in the literature, and some substitutions lead to large affinity changes. Bogan and Thorn [13] present a survey of affinity changes that have been observed after mutating individual interface residues to alanine (alanine shaving) in several protein-protein complexes of known structure. They propose an 'O-ring' model for interfaces, where hot spots responsible for large changes in affinity cluster at the center of the ring and small effects are peripheral. The model suggests that when water-mediated interactions occur on the periphery (i.e. when the protein groups involved remain solvent-accessible after association) their free energy is about the same as that for a direct hydrogen bond. In most of the cases cited by Bogan and Thorn, the actual case of a solvent molecule replacing a deleted protein group has not been tested. However, this test has been carried out extensively by X-ray studies of lysozyme mutants in complex with antibodies. The data indicate that there are sites within the lysozyme epitopes where a water-mediated interaction may replace a direct hydrogen bond with no loss of affinity for the cognate antibody, and other sites where it costs 4 kcal mol -1 or more [14, 15] . The data are in qualitative agreement with the O-ring model. In these experiments, the FvD1.3-FvE5.2 complex, which we took as an example of a wet protein-protein interface, behaves like the lysozyme-antibody complexes with 'hot' sidechains that cluster together despite the presence of water nearby [16, 17] . This confirms that the same general rules govern specificity and stability in the process of protein-protein recognition through a wet or a dry interface, and suggests that these rules also apply to protein-DNA recognition, where wet interfaces predominate.
